INTRODUCTION
The identification of conditions that allows for the in vitro differentiation of embryonic stem cells (ESC) and induced pluripotent stem cells (iPSC) toward desired cell lineages have emerged as revolutionary new strategies for the development of cell-based replacement therapies. However, despite significant progress over the past few years, protocols for the induction of these pluripotent stem cells to differentiate into rare cell types, such as the pancreatic islet cells producing hormones like insulin and glucagon, remain relatively inefficient, often leading to heterogeneous cell preparations comprising unwanted cell types that may pose risks of teratoma development following transplantation (Tang et al., 2013; Kushner et al., 2014; Espes et al., 2017) .
To date, the majority of protocols for the in vitro-directed differentiation of stem cells toward the islet cell lineage have focused on the administration of select growth factors and signaling molecules at defined time points that elicit the activation or inhibition of signaling pathways originally discovered to regulate islet cell development in animal models (Sneddon et al., 2018) . In these efforts, one aspect that remains relatively unexplored at the molecular level is the possible role of direct cell-to-cell communication, a mechanism known to regulate cell fate commitment and tissue morphogenesis during development (Constantin and Cronier, 2000; Wei et al., 2004; Levin, 2007; Hatler et al., 2009; Sozen et al., 2014; Yamada et al., 2016) . Among proteins that have been shown to participate in these processes of cell communication, connexins (Cxs) are of special interest as they represent the building blocks of gap junction (GJ) channels, mediating the intercellular exchange of signaling molecules such as microRNAs, cations and anions, cyclic nucleotides, as well as small peptides and interfering RNAs (Goodenough et al., 1996; Sö hl and Willecke, 2004; Willecke et al., 2002; Evans et al., 2006; Charpantier et al., 2007; Lim et al., 2011; Kanaporis et al., 2008 Kanaporis et al., , 2011 . These channels have been shown to be indispensable for the proper growth, differentiation, and functional maturation of many cell types, both during embryonic development and in postnatal life (Levin, 2007) . Among Cxs known to participate to the biology of pancreatic cell lineages, Cx43 is of particular interest as it is expressed in the developing pancreas where, together with Cx36, it gets progressively restricted to the endocrine cell lineage (Serre-Beinier et al., 2009) , and is required for the control of secretory function and survival (Serre-Beinier et al., 2002; Klee et al., 2011; Carvalho et al., 2010 Carvalho et al., , 2012 Nlend et al., 2006; Le Gurun et al., 2003) . Interestingly, Cx43 has also been found to be involved in the maintenance of stem cell pluripotency (Dyce et al., 2014) , and in the regulation of the cell cycle during tissue development and regeneration (Hoptak-Solga et al., 2008) . Of further interest are studies demonstrating that interference with Cxs' expression or function results in significant alterations of cell fate development, survival, and differentiated functions (Scherer et al., 2005; Nlend et al., 2006; Wang and Belousov, 2011; Evans et al., 2012) .
In this study, building on the notion that the function of GJ channels is dependent on their gating status, we tested a simple gain-of-function approach that promotes the activation or opening of GJ channels composed of Cx43. The approach consisted in treating ESCs undergoing controlled differentiation toward pancreatic cell lineages with the AAP10-activating peptide, reported to promote Cx43 GJ channel opening (Weng et al., 2002; Dhein et al., 2001; Jozwiak and Dhein, 2008; Evans et al., 2012) . The results of these experiments demonstrate that activation of Cx43 GJ channels in ESCs significantly enhances the expression of definitive endoderm (DE) markers FoxA2 and Sox17, which in turn results in a more efficient derivation of DE and primitive gut tube (PGT) cells, as well as more prominent numbers of posterior foregut (PF), pancreatic progenitors (PP), and pancreatic endocrine progenitors (EP). Collectively, these results provide evidence for the functional involvement of GJ channels in the differentiation of ESCs into pancreatic cell lineages.
RESULTS
In a first series of experiments, to determine the expression profile of Cx43 in ESCs under conditions that favor spontaneous differentiation, we followed a protocol of suspension culture to generate embryoid bodies (EBs). EB formation recapitulates the early steps of tissue development by yielding lineages with morphological features of ectoderm (ED), mesoderm (MD), and DE (Itskovitz-Eldor et al., 2000; Yirme et al., 2008; Kim et al., 2011) . These experiments revealed that DE cells, identified by the co-expression of E-cadherin, Sox9, and Sox17 ( Figures 1A-1D , dotted region), exhibited the strongest Cx43-specific (C) Serial sections from the same EB preparations immunostained for Cx43 (red), Sox17 (green), and vimentin (blue) reveal that Cx43 is expressed at low levels in ectoderm (arrowheads) and at high levels in Sox17 + vimentin neg definitive endoderm cells in the same dotted region defined by the co-expression of E-cadherin, FoxA2, and Sox9 in (A). (D-F) (E and F) Higher magnification of definitive endoderm cells identified in (C) and (D). Note that immunoreactivity specific for Cx43 is very low in mesoderm cells identified by vimentin expression and lack of E-cadherin immunoreactivity (blue arrows). Images are representative of n = 8 experiments. Scale bars, 50 mm in (A-D) and 20 mm in (E and F). immunoreactivity and showed the largest Cx43 + junctional plaques (Figures 1E and 1F, arrowheads) . ED cells, as defined by the co-expression of E-cadherin and Sox9 ( Figures 1A and 1B , arrowheads), also expressed detectable levels of Cx43 (Figures 1C and 1D, arrowheads) . In contrast, MD cells, identified by the expression of vimentin and Sox9, and lack of E-cadherin, Sox17, and FoxA2, expressed the lowest levels of CX43 ( Figure 1D , blue arrows). From these studies we conclude that during the specification of the three germ layers, the expression of Cx43 segregates with primarily DE and ED cells, with the most prominent levels being expressed in DE cells.
We next investigated the expression profile of Cx43 in ESCs cultured under conditions that direct their differentiation toward the pancreatic cell lineages (D'Amour et al., 2006; Xu et al., 2011; Rezania et al., 2014; Pagliuca et al., 2014; Russ et al., 2015; Nostro et al., 2015; Sambathkumar et al., 2018; Sneddon et al., 2018) ( Figure 2A) . These studies uncovered a progressive upregulation of Cx43, both at the transcriptional (Figure 2B) and translational levels (Figures 2C and 2D) , that peaked at the DE and PGT stages of ESC differentiation, followed by a sudden drop at the posterior foregut (PF) stage. In these experiments, treatment of human ESC (hESC) cultures after the DE stage with the AAP10 peptide, reported to increase Cx43 expression (Easton et al., 2009) , had no significant effects on the levels of this GJ protein ( Figures 2C and 2D ).
Based on these results we hypothesized that Cx43 function is required for proper DE development. Accordingly, in parallel experiments we found that downregulation of Cx43 in two hESC lines, H1 and ELF1 (Ware et al., 2014) , by means of Cx43-specific small interfering RNAs (siRNAs) transfected just before the induction of DE differentiation, consistently decreased the yield of Ecad + /CXCR4 + DE cells, as measured by quantitative flow cytometry ( Figures 2E and 2F , % mean G SE of DE cell yield in siCx43 cultures = 25% G 6% of control siRNA cultures; n = 3). Collectively, these experiments indicate that ESCs undergoing differentiation toward DE rely on the expression of Cx43.
Based on the notion that the function of a given Cx in a cell depends on the gating (opening) of the GJ channels that it forms, we next tested the ability of the AAP10 peptide to elicit GJ-mediated cell-to-cell communication in ESC cultures under conditions of directed differentiation toward pancreatic cell lineages (D'Amour et al., 2006; Xu et al., 2011; Rezania et al., 2014; Pagliuca et al., 2014; Russ et al., 2015; Nostro et al., 2015; Sambathkumar et al., 2018; Sneddon et al., 2018) . The rationale for these experiments is based on the demonstration that this peptide has been previously reported to promote Cx43 phosphorylation and GJ channel opening (Weng et al., 2002; Dhein et al., 2001; Jozwiak and Dhein, 2008; Evans et al., 2012) , thus providing us with a gain-of-function strategy to determine if a Cx43-mediated increase in cell-cell communication could impact ESC differentiation during early stages of DE induction. As a first step, we tested if the AAP10 peptide was in fact able to enhance cell-cell GJ-mediated communication in our ESC culture conditions. To this end, ESC cultures at the DE stage were supplemented with the AAP10 peptide, and GJ functionality (i.e., opening) was assessed by cell loading of carboxyfluorescein using a scrape-load assay (Opsahl and Rivedal, 2000) . These experiments revealed that in control cultures, carboxyfluorescein-loaded cells transferred the fluorescent dye to a few contacting cell layers over a period of 15 min . When compared with these controls, cell-cell communication in AAP10treated cultures was enhanced by~2 fold, as indicated by the rapid and progressive transfer of the dye from those carboxyfluorescein-loaded cells contacting the wound region to a large number of cells distant from the wound ( Figures 3D-3G ). In contrast, rhodamine dextran (70 kDa), a dye too large to be transferred through GJ channels, remains confined to the loaded cells at the edge of the wound. Pre-treatment of the cultures with the GJ inhibitor carbenoxolone (Guo et al., 1999) effectively inhibited cell-cell communication in all cultures ( Figure 3H ). Collectively, these results demonstrate the efficacy and specificity of AAP10 treatment as a potent activator of GJ communication in differentiating ESCs.
Building on these observations, we next conducted experiments of ESC differentiation in the presence or absence of the AAP10 peptide to determine the impact of Cx43-GJ channel activation on ESC developmental propensity to acquire a DE phenotype. In these studies, we observed that AAP10 treatment results in upregulation of both FoxA2 and Sox17 transcripts ( Figure 4A ). AAP10 induces a progressive increase of FoxA2-specific transcripts, from ME to DE and PGT stages, followed by a gradual decrease thereafter (Figure 4A, left panel) . In contrast, the effect of GJ activation by this peptide on the induction of Sox17-specific transcripts occurs more rapidly (within 24 h) from the ME to the DE stage, followed by a rapid decrease at the PGT and subsequent stages of ESC differentiation ( Figure 4A, right panel) . These results were validated at the protein levels ( Figures 4B, 4E, and 4F) , indicating that activation of Cx43-GJ channels exerts a potent positive regulatory function on ESC differentiation toward DE and PGT lineages. As part of the same studies we also validated the effects of AAP10 on Cx43 phosphorylation that appears more prominent at the DE stage of ESC differentiation ( Figures 4B and 4D) . These effects coincided with a notable increase in Cx43-specific immunoreactivity in ESC cultures treated with AAP10 ( Figure 4C ), which appeared organized into larger GJ plaques in the presence of the peptide (Figure 4C , lower panels, insets, arrowheads). Last, quantitative flow cytometric analysis of DE cultures untreated or treated with AAP10 demonstrated that AAP10-containing cultures yield a higher number of DE cells, as defined by the co-expression of E-cadherin and CXCR4 ( Figures 4G and 4H ). Together, these results indicate that activation of Cx43-GJ channels during ESC differentiation fosters a more efficient development of DE cell lineages.
Next, to determine if DE cells developing under AAP10 treatment are competent to proceed toward downstream lineages, such as posterior foregut (PF), PP, and EP, we conducted a detailed morphometric analysis for the expression of Pdx1, Nkx6.1, and Sox9, and enumerated cells expressing these markers at each stage of differentiation, in the presence or absence of AAP10. Based on the observed induction of a more efficient DE development when the function of Cx43-GJ channels is activated by AAP10 (Figure 4 ), we also tested if cell lineages developing downstream of DE and PGT, although expressing significantly lower levels of Cx43, could also benefit from the GJ-activating properties of this peptide. To test this possibility, ESC cultures were differentiated either under control conditions (no peptide treatment), in the presence of AAP10 up to the specification of DE (referred to as ''AAP10 Stop @ DE''), or throughout the differentiation process (referred to as ''AAP10 Throughout''). These studies revealed that, overall, the development of Pdx1+ progenitors is significantly increased by AAP10 treatment (Figures 5A-5C ), although there was no statistical difference between conditions comparing the duration of the AAP10 treatment during the differentiation process (i.e., ''AAP10 Stop @ DE'' versus ''AAP10 Throughout'') ( Figure 5C ). Interestingly, we noted that the frequency of Sox9 + Pdx1 + (Figures 5A and 5D ) and Pdx1 + Nkx6.1 + progenitors (Figures 5B and 5E) was also significantly increased by AAP10 treatment. These results indicate that DE cells produced under conditions that are permissive of Cx43 GJ function have a higher propensity to adopt a differentiation pathway toward PPs and PEs. Together, these studies demonstrate that mechanisms of cell-to-cell communication play an important role in the early specification of development of DE and pancreatic cell lineages from stem cell preparations. Hence, our results may have important implications for the refinement of in vitro-directed protocols of stem cells differentiation into pancreatic islet cells.
DISCUSSION
Knowledge gained from the field of developmental biology has played a pivotal role in the design of strategies that have driven our ability to direct the differentiation of stem cells into cell lineages of interest. Despite remarkable progress over the past two decades, a number of limitations remain to be addressed before pluripotent stem cells can be broadly used as a source for the design of cell-based replacement therapies for diseases such as type 1 and possibly type 2 diabetes (D'Amour et al., 2005; D'Amour et al., 2006; Guo et al., 2013; Kroon et al., 2008; Rezania et al., 2011; Rezania et al., 2012) . These include the variability between different stem cell lines (both ESCs and iPSCs) with regard to their developmental propensity, or bias, toward one cell lineage versus another; the relative heterogeneity of their differentiated progeny following in vitrodirected differentiation; as well as the incomplete functional maturation that would make these cell preparations desirable for clinical applications. Hence, more recent efforts have been devoted to strategies that could minimize some of these concerns (Pagliuca et al., 2014; Rezania et al., 2014; Russ et al., 2015; Zhu et al., 2016) .
In the present study we identified an important role of the GJ protein Cx43 as a positive regulator of DE cells from ESCs. We show that the functional activation of Cx43 GJ channels by the AAP10 peptide in ESCs under culture conditions that promote their differentiation results in a robust induction of genes such as FoxA2 and Sox17 (Figure 4) , followed by a significant improvement of DE specification. In turn, DE cells developing from these cultures proceed with higher efficiency toward PF, PP, and EP cell lineages, as determined by a higher frequency of Sox9 + Pdx1 + and Pdx1 + Nkx6.1 + progenitors ( Figure 5 ).
Although a role of Cx43 in the development and function of pancreatic islets has been previously analyzed in rodent and human pancreas (Charollais et al., 1999; Serre-Beinier et al., 2009; Carvalho et al., 2010) , our studies uncover the expression profile and function of this GJ protein during the early induction of DE cells and their downstream differentiation into PPs. Thus, whereas downregulation of Cx43 by RNA interference produced a significant reduction of DE cells developing from ESCs (Figures 2E and 2F) , the functional activation of Cx43 by the AAP10 peptide resulted in the induction of FoxA2 and Sox17 genes ( Figures 4A-4F) , followed by a more efficient differentiation of ESCs into DE cells ( Figure 4G) . These results suggest that yet-to-be-identified signals exchanged through Cx43 GJ channels between differentiating ESCs must positively affect developmental decisions in ESCs. Our conclusions are also in agreement with those of previous studies showing that the combined genetic ablation of Cx43 and Cx45 in mouse ESC results in their failure to form primitive endoderm representing a key inductive stage for further differentiating into downstream cell lineages (Nishii et al., 2014; Wö rsdö rfer et al., 2017) , while other studies have also suggested an important dynamic modulation of Cx43 during hESC differentiation (Galat et al., 2012; Peng et al., 2019) .
The apparent normal development of pancreatic lineages in Cx43 mutant mice (Charollais et al., 1999) might be explained by possible species differences or compensatory functions contributed by other Cxs also expressed in the pancreas (Serre-Beinier et al., 2002 Carvalho et al., 2010) . Collectively, our results indicate that Cx43 GJ-mediated signaling events are important for a more efficient development of PP and EP cell lineages ( Figure 5 ). Based on previous reports showing that Cx43 function is required for the expansion of the pancreatic islet cell mass (Klee et al., 2011) , our findings suggest that the function of this GJ protein may be dynamically regulated at distinct stages of ESC differentiation to encompass regulation of the cell cycle and promote the expansion of select cell lineages. This possibility is supported by the observation that Cx43 has been previously implicated in the regulation of EMT during the generation of human iPSCs (Ke et al., 2013) , and in mechanisms mediating the maintenance of stem cell pluripotency (Dyce et al., 2014) . Collectively, these results provide significant experimental premise for the future design and identification of agonists that can selectively promote Cx-mediated cell-to-cell communication for a more efficient derivation of pancreatic islet cells.
Limitations of the Study
Our studies took advantage of the validated properties of the AAP10 peptide that has been characterized as a potent activator of Cx43 function and that has been used clinically to promote the synchronization of cardiomyocytes and treat arrhythmias (Weng et al., 2002; Dhein et al., 2001; Jozwiak and Dhein, 2008; Evans et al., 2012) . At present, although our results demonstrate an important role of Cx43 GJ function in the differentiation of ESCs into DE cells, and downstream cell lineages, it remains to be determined if enhancing intercellular communication mediated by other Cxs at subsequent stages of ESC differentiation may further improve yields of pancreatic islet cells from cultures of pluripotent stem cells. Based on the inherent difficulty in manipulating these mechanisms of cell communication, future studies will have to focus on the development of appropriate tools that allow the activation of other Cxs. Hence, based on our previous work demonstrating the importance of Cx36 in the development and function of human b-cells (Serre-Beinier et al., 2009), we anticipate that non-genetic gain-of-function approaches like the one used in this study will provide opportunities for testing the impact of activating cell-cell communication during processes of endocrine differentiation and maturation of progenitors into functional islet cells.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
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METHODS
Culture of human embryonic stem cells human (hESCs).
H1, H1-OCT4 (WiCell, Madison, WI) and Elf-1 hESC lines (Ware et al., 2014) were passaged using dispase (1U/ml), and maintained as primed in feeder-free cultures under hypoxic conditions (5% C02, 5%O2, and 90% N2) on Matrigelcoated dishes (BD Biosciences), using TeSR medium (StemCell Technologies, Vancouver, BC, V6A 1B6, Canada) supplemented with 1x PenStrep, NEAA, sodium pyruvate, and Glutamine, as described (Ware et al., 2014) . Experiments of hESC directed differentiation were carried out following slight modifications of published protocols (D'Amour et a., 2006; Xu et al., 2011; Rezania et al. 2014; Pagliuca et al., 2014; Russ et al., 2015; Jennings et al., 2015; Nostro et al., 2015; Sambathkumar et al., 2018; Sneddon et al., 2018) . Briefly, on day 1 70% subconfluent hESC monolayers received RPMI medium without serum containing Activin A (100 ng/mL) and Wnt3a (30 ng/mL). On day 2 and 3 medium was replaced with RPMI 0.2% KSR, Activin A (100 ng/mL), followed by RPMI 2% KSR, supplemented with KGF (50 ng/mL) on days 4, 5 and 6. Subsequently, on days 7, 8 and 9 the differentiation medium consisted in DMEM 1% B27, Cyclopamine (0.25 mM), TTNBP (3 nM), Noggin (50 ng/mL), followed by DMEM 1% B27, Noggin (50 ng/mL), KGF (50 ng/mL), EGF (50 ng/mL) on days 10, 11, and 12. For siRNA experiments, undifferentiated hESCs monolayers were transfected with 50nM of a control non-targeting siRNA (Qiagen, Allstars negative control siRNA) or a pool of CX43-specific siRNAs (Darmacon ON-TARGETplus SMART pool) using GenMute transfection reagent, as per manufacturer's instructions.
On the day following siRNA transfection, hESCs were differentiated toward DE as described above, and analyzed for the expression of the DE markers Ecadherin and CXCR4 by flow cytometry at day 2 and day 3 post-differentiation.
siRNA-mediated down-regulation of Cx43 was routinely validated by Western
Blotting and found to result in >70% reduction of the protein in all experiments (not shown).
Carboxyfluorescein (CF) transfer assay
To monitor GJ-mediated CF transfer between cells in contact, we used a slight modification of the method previously described by Opsahl and Rivedal (Opsahl and Rivedal, 2000) . Briefly, hESC monolayers at the DE stage of differentiation were first washed with plain RPMI without proteins, and then in HBSS containing Carboxyfluorescein (1:10 dilution of a saturated stock) and Rhodamine Dextran (0.05%) in the presence or absence of AAP10 peptide (400 nM). In some experiments, to assess the specificity of dye uptake through GJ, DE cultures were pretreated with Carbenoxolone (CBX) for 30 minutes prior to the scrape loading assay. Scratches across hESC colonies were then done using sterile pipette tips. After 5 minutes incubation at 37 °C, the HBSS containing the dyes was washed away three times, and replaced with medium without phenol red.
DIC and fluorescent images were then collected at 5 and 15 minutes using an Olympus inverted microscope, equipped with an epifluorescence X-Cite Series 120Q UV lamp, and a SpotInsight 5MP Color Camera (Pacific Microsystems LLC).
RNA extraction and Quantitative RT-PCR (qPCR)
RNA was isolated from hESC cultures at each step of differentiation using Aurum™ Total RNA Mini Kit (Bio-Rad) according to the manufacturer's instructions, and retrotranscribed into cDNA using the Superscript III (Invitrogen), and primers listed in Table I ; q-PCR reactions was performed in triplicate using the Sybr Green kit (Bio-Rad), and data analysed using Bio-Rad CFX Manager software.
Western Blots
Total protein extracts from hESC cultures at each step of differentiation were prepared in lysis buffer (10mM Tris-HCl pH7.8; 150mM NaCl; 1mM EDTA; 200 um sodium orthovanadate and protease inhibitor cocktail tablet (IP 1x, MALT, 1 mM DTT, 1mM PMSF), separated on an SDS-PAGE gel (30 μg/lane), and transferred onto a nitrocellulose membrane as previously described (Diaferia et al., 2013; Yebra et al., 2003; Jimenez-Caliani et al., 2017) . Membranes were then washed in PBST (1 × PBS, 0.1% Tween pH 7.4), blocked with 3% non-fat milk for 1h, incubated in primary antibodies (Table II) (Table III) . Samples were then analysed at a FACSCalibur flow cytometer using the FlowJo software (FlowJo, LLC, V8.8.6).
Immunofluorescence and morphometric analysis H1 hESC lines (WiCell, Madison, WI) were cultured on glass coverslips up to subconfluency and then differentiated as described above. Cells at each differentiation stage were fixed in 2% paraformaldehyde, and processed for immunofluorescence staining as described (Yebra et al., 2013; Diaferia et al., 2013) . Briefly, after permeabilization with 0.05% Triton X100, coverslips with cells were incubated for 10 minutes with blocking buffer containing 50mM glycine, 2% donkey serum and 1% BSA in PBS. Next, combinations of primary antibodies (Table II) diluted in PBS (0.2% donkey serum, 0.1% BSA) were applied and incubated either overnight at 4 C, or for 1 hour at room temperature. After three washes in PBS (0.2% donkey serum, 0.1% BSA), fluorophore-conjugated secondary antibodies (Fab) 2 fractions; Jackson Immunoresearch Labs) were applied, and incubated for 45 minutes at room temperature. Coverslips were then washed and mounted for viewing at a Nikon Eclipse 90i microscope, equipped with an epifluorescence X-Cite Series 120Q UV lamp. Images were then acquired using 10X, 20X, or 40X Nikon objectives, using the NIS-Elements AR-3.2 software (Nikon). Immunostaining of cryosections from hESC-derived embryoid bodies was conducted following virtually the same procedure.
STATISTICS
Were applicable, statistical significance of differences in data values was validated by analysis of variance (ANOVA), followed by Bonferroni's Multiple Comparison Test, or by two tailed Student's t test, using the Prism-4 statistical package (Graph Pad Software, San Diego, CA), with significance limit set at p<0.05. 
